A synergistic effect between silver and UV radiation has been observed that can appreciably enhance the effectiveness of UV radiation for inactivation of viruses. At a fluence of ca. 40 mJ/cm 2 , the synergistic effect between silver and UV was observed at silver concentrations as low as 10 g/liter (P < 0.0615). At the same fluence, an MS-2 inactivation of ca. 3.5 logs (99.97%) was achieved at a silver concentration of 0.1 mg/liter, a significant improvement (P < 0.0001) over the ca. 1.8-log (98.42%) inactivation of MS-2 at ca. 40 mJ/cm 2 in the absence of silver. Modified Chick-Watson kinetics were used to model the synergistic effect of silver and UV radiation. For an MS-2 inactivation of 4 logs (99.99%), the coefficient of dilution (n) was determined to be 0.31, which suggests that changes in fluence have a greater influence on inactivation than does a proportionate change in silver concentration.
The bactericidal effects of silver have been known since the mid-1800s (11, 31) . Given contact times on the order of hours, silver has been shown to be somewhat effective as a disinfectant against coliforms (9, 11) and viruses (41) . In water, at concentrations sufficient for bactericidal activity, silver does not impart taste, color, or odor and has no apparent detrimental effects on mammalian cells (41) . The only known negative health effect is argyria, an irreversible darkening of the skin and mucous membranes, which has been caused by prolonged silver therapy (34) . Accordingly, there is no United States Environmental Protection Agency (USEPA) primary drinking water standard for silver. Two of the principal drawbacks associated with the use of silver as a disinfectant are the need for long contact times (4, 11) and the existence of silver-resistant organisms (5, 15, 33) . However, use of silver by some European nations (34) suggests that it is considered feasible and economically viable in some cases. Silver is commonly used to prevent microbial growth in point-of-use filters (4, 32, 39) ; as a codisinfectant for swimming pool water, which allows for lower chlorine levels in pools (3, 41) ; and as a codisinfectant in hospital hot water systems (22) .
Unlike silver, UV radiation is widely considered a viable process for disinfecting drinking water and wastewater in largescale treatment systems (40) because it is an effective means of inactivating protozoa such as Cryptosporidium parvum (8, 12, 28) and Giardia lamblia (14, 24) and it does not create significant disinfection by-products (40) . As with any disinfection process, an important consideration associated with UV radiation is cost. Power requirements for UV systems are primarily a function of the desired fluence (the product of irradiance and exposure time). In addition to an increase in operating costs, an increase in fluence can also result in a significant increase in capital costs (13) . Microbial inactivation goals, which are a function of a target organism, set the UV design fluence. Design fluences for water treatment can vary between 40 and 140 mJ/cm 2 (13) . Fluences as high as 170 mJ/cm 2 have been reported for 4-log (99.99%) inactivation of adenoviruses in tertiary-treated wastewater, which indicates that fluences sufficient for inactivation of coliforms (e.g., ca. 8 mJ/cm 2 for Escherichia coli [see reference 40]) may not provide suitable inactivation of human adenoviruses (37) . Because viruses are reported to be the pathogens most resistant to UV disinfection, they are likely to influence the fluence requirements of this disinfection process in many cases (7, 23) . A reduction in the UV design fluence and subsequent capital and operating costs ought to make UV disinfection more appealing to municipalities that may wish to eliminate disinfection by-products and improve inactivation of protozoa. Methods for improving inactivation of viruses with UV radiation might help in attaining these objectives.
In 1973, Rahn and coworkers (29, 30) reported that silver cations (hereafter referred to as "silver") can complex with DNA, thereby making it more photoreactive. They hypothesized that this phenomenon might "serve as a useful tool for studying the photobiology of simple systems such as transforming DNA and phage." It is hypothesized that this phenomenon might also improve the efficacy of UV disinfection in a variety of treatment trains including water and wastewater treatment systems. The objectives of the work reported herein were to (i) determine if a synergistic effect between silver and UV radiation exists for inactivation of coliphage MS-2, a viable surrogate for pathogenic viruses (hereafter referred to as "MS-2"); (ii) quantify inactivation of MS-2 as a function of silver concentration and fluence; and (iii) develop a simple model (a modified Chick-Watson disinfection model) for quantifying the synergistic effect between silver and UV radiation for inactivating MS-2.
MATERIALS AND METHODS
Reagents. Silver nitrate (Alfa Aesar, Ward Hill, Mass.) stock solutions (100 or 1,000 mg of Ag/liter) were measured by a colorimetric procedure (Hatch, Loveland, Colo.; detection limit, 0.05 mg of Ag/liter). Subsequent solutions containing silver below the detection limit were made by dilution of the stock solutions. Silver neutralizer solutions contained 11.5 g of 0.93 M sodium thiosulfate (J. T. Baker, Phillipsburg, N.J.) and 0.88 M sodium thioglycolate (Sigma, St. Louis, Mo.) (41) . The solution was filter sterilized and stored in acid-washed, sterile glass bottles. Fresh silver and silver neutralizer stock solutions were prepared on the day of each experiment. The phosphate buffer (20 mM, pH 7.2) was autoclaved before use. All glassware used to handle MS-2 and/or silver was soaked in 10% HNO 3 overnight and rinsed in deionized water to remove adsorbed silver (10) and other contaminants prior to use.
Preparation of purified MS-2. A culture of E. coli (ATCC 15597) was grown in tryptic soy broth (TSB; Difco Laboratories, Detroit, Mich.) at 37°C and 150 rpm. Freeze-dried MS-2 (ATCC 15597-B1) was mixed with 1.5 ml of a 24-h culture of E. coli and 3.0 ml of melted (45°C) TSB soft agar (0.5% [wt/vol] agar). The mixture was overlaid on TSB agar (1.5% [wt/vol] agar) plates and incubated at 37°C for 24 h. Six milliliters of the 20 mM phosphate buffer was added to the plate and incubated for 1 h. The phosphate buffer was removed and passed through a 0.22-m-pore-size filter, and the filtrate was used as the MS-2 stock suspension, having an initial density of ca. 10 9 PFU/liter. Collimated beam setup. The collimated beam apparatus used in this study (Suntec Environmental, Concord, Ontario, Canada) was modified to hold a stir plate and to allow for easy and reproducible vertical and horizontal adjustment. The two low-pressure mercury vapor lamps in the instrument were warmed up for at least 30 min before all experiments. Lamp irradiance was quantified with a UV detector (IL1400A; International Light, Newburyport, Mass.) by placing the detector at the same height as the sample surface. It was determined that variations in lamp irradiance across the surface of the samples were negligible by moving the detector in the horizontal plane at distances equivalent to the sample surfaces (see below), which resulted in a Petri factor (PF) of unity. Fluence was determined by placing the detector in the integration mode following the removal of a shutter and recording the required exposure time. Variations in fluence resulting from drift in lamp output were typically less than ca. 0.5%. However, lamp output was verified periodically during the course of an experiment to compensate for slight changes resulting from drift. The average fluence (mW ⅐ s/cm 2 or mJ/cm 2 ) was determined as follows (6):
where E o is the lamp intensity at the center of the sample dish (mW/cm 2 ), a is the sample absorption coefficient (cm Ϫ1 ), L is the depth of the sample (cm), t is exposure time (s), and DF is divergence factor.
The divergence factor was determined as follows (6):
where Z is distance from lamp to sample surface (cm). Irradiation of samples. Samples were prepared by combining 1,000 Ϯ 6 l of MS-2 viral stock suspensions with 9 Ϯ 0.1 ml (8.9 Ϯ 0.1 ml for samples containing silver) of phosphate buffer in acid-washed, sterile Pyrex glass petri dishes. All samples containing silver were prepared such that 100 Ϯ 0.6 l of a particular silver stock solution was added to the MS-2 suspensions in the petri dishes to minimize effects of dilution. Samples containing silver were incubated at 25 Ϯ 0.1°C for a predetermined time. The total volume (without stir bar) and depth (with stir bar) of the viral stock suspensions in the petri dishes were 10 ml and 0.6 cm, respectively. The viral stock suspensions were placed under the collimated beam and irradiated for a period sufficient to achieve the predetermined fluence. Samples were stirred slowly to prevent forming a vortex in the water (6) . The incubation period for silver and MS-2, prior to and including the time of UV radiation exposure, was held at 10 min unless stated otherwise. Samples containing silver were neutralized (to halt disinfection) following the incubation period by adding approximately 10 l of the stock neutralizer solution, which was determined to be sufficient for neutralizing the highest silver concentration (10 mg/liter) used in this work. Because photoreduction of silver, due to ambient light, has been reported to have a negligible influence on the bactericidal efficiency of silver (10, 11) , exposure to visible light during the short periods when the samples were set up was considered negligible. Each experiment was conducted at least in triplicate. For all samples, a minimum of three dilutions were plated in triplicate by the standard double agar overlay technique as described elsewhere (1, 23) with an E. coli (ATCC 15597) host grown at 37 Ϯ 0.1°C for 3 to 6 h (41). Plates were incubated at 37 Ϯ 0.1°C and enumerated at 24 Ϯ 1 h. The dilution giving the highest number of PFU less than 300 was averaged and used to obtain the MS-2 survival (23). Control assays were conducted in triplicate, and controls were plated at various times during each experiment to ensure that conditions during the course of an experiment did not influence the number of PFU in the stock suspensions. Neutralizer was also added to selected controls to verify that it did not influence MS-2 inactivation.
RESULTS AND DISCUSSION
MS-2 was used in this study because it has been proposed as the benchmark for validation of full-scale UV reactors (23, 25) and
Ϫ2 cm Ϫ1 , Z ϭ 86 cm, and DF ϭ 1.00), and combinations of silver and UV radiation are presented in Fig. 1 . A target fluence of 40 mJ/cm 2 was used because it has been proposed as a recommended fluence for water treatment systems (13, 38) . Considered individually, the silver, given 130 min of contact time, and UV radiation resulted in approximately 0.28-log (47.52%) and 1.87-log (98.65%) inactivation, respectively. With the use of this silver concentration only, a measurable inactivation was not observed for 10 min of contact time. When silver was followed by UV radiation, resulting in a total silver contact time of 10 min, a synergistic effect resulted in ca. 3.30-log (99.95%) inactivation (column 4). An increase to ca. 3.49-log inactivation (99.97%) occurred when silver was neutralized 120 min after exposure to UV radiation, which resulted in a total silver contact time of 130 min (column 5). The difference between column 3 and column 5 was found to be statistically significant (P Ͻ 0.0001). The data clearly show that there is a synergistic effect when silver and UV radiation are combined. The additional inactivation between column 4 and column 5 is comparable to inactivation by 0.1 mg of silver/liter alone (column 1) given the same contact time (130 min).
Data for inactivation of MS-2 as a function of UV fluence are presented in Fig. 2 . Samples of MS-2 that were first exposed to silver (0.05 or 1 mg of Ag/liter) for 73 min and then exposed to UV radiation are also presented in this figure. An incubation time of 73 min was used here because the influence of incubation time on the synergistic effect between silver and UV was not yet evaluated. It was later determined that silver incubation time does not influence the synergistic effect, but it does provide additional inactivation by silver alone. Inactivation of MS-2 by 0.05 and 1 mg of Ag/liter, given 73 min of contact time without UV irradiation, was less than 0.3 and 1.2 logs, respectively, which is consistent with data published in the literature for inactivation of MS-2 with silver (41) . At a silver concentration of 0.05 mg/liter, which is one-half the USEPA secondary drinking water standard of 0.1 mg/liter, the fluence required to achieve a 4-log inactivation of MS-2 was reduced by ca. 45% (from 95 to 52 mJ/cm 2 ). Approximately a 2-log inactivation of MS-2 was achieved at a fluence of 20 mJ/cm 2 and a silver concentration of 0.05 mg/liter. Should future regulatory goals for UV disinfection become focused on a 2-log inactivation of MS-2 (25), then a reduction in fluence from ca. In order to compare UV data for MS-2 reported in the literature (38) with data in the present study, the data in Fig. 2 were fit with linear functions (no silver, slope ϭ 4.1 ϫ 10 Ϫ2 cm 2 /mJ for MS-2 inactivation in a phosphate-buffered solution, which compares favorably to the slope of 4.1 ϫ 10 Ϫ2 cm 2 /mJ observed in this study for inactivation of MS-2 in the absence of silver. The slopes for the regression lines through the silver-UV data are slightly greater than those for UV alone. Because the y axis corresponds to silver alone, the y-intercept values should be a function of the silver concentration and the incubation time. The y-intercept values, obtained via linear regression, are somewhat higher than the values for silver alone given 73 min of contact time (see above), which indicates that the synergistic effect between silver and UV radiation was apparent at the lowest fluence evaluated (1 mJ/cm 2 ) and that a nonlinear model may be more appropriate for modeling the synergistic effect as a function of fluence and silver concentration, particularly at low fluences.
The inactivation data for MS-2 exposed to UV radiation, in the absence of silver (Fig. 2) , are congruent with data reported in the literature (23, 38) . Appreciable tailing was not observed for this inactivation curve, indicating that MS-2 did not have a tendency to clump (17, 38) . Variations between replicate experiments in the presence of silver were more pronounced than those for UV only because silver might have complexed with particulate or dissolved matter, which could have been added with the MS-2 to the phosphate-buffered solutions. Silver has been reported to complex with many of the amino acids and constituents commonly found in growth media (5, 9, 19, 21, 26) that could be comparable to debris in the MS-2 suspensions. Although the suspension evaluated in this work has been referred to as "demand free" relative to UV radiation (38) , it is probably not demand free relative to silver.
Inactivation of MS-2 as a function of silver concentration for a target UV radiation fluence of 40 mJ/cm 2 (corrected fluence of 37 mJ/cm 2 ) is presented in Fig. 3 . The synergistic effect between silver and UV was most sensitive to silver concentration between 0.01 and 1 mg/liter. There appeared to be no additional inactivation above a silver concentration of 1 mg/ liter under the conditions evaluated. At approximately the anticipated regulatory fluence of 40 mJ/cm 2 (13), a synergistic effect between silver and UV was observed at silver concentrations as low as 10 g/liter (P Ͻ 0.0615). At the same fluence, an MS-2 inactivation of ca. 3.7 logs (99.97%) was achieved at a silver concentration of 0.1 mg/liter, a significant (P Ͻ 0.0001) improvement over the ca. 1.8-log (98.42%) inactivation of MS-2 in the absence of silver.
The well-known Chick-Watson disinfection model has produced an adequate fit to data on microbial inactivation (16, 17) . Furthermore, it is the regulatory basis for the USEPA's Surface Water Treatment Rule, which governs drinking water disinfection. The Chick-Watson model was modified, by replacing contact time with fluence, and used here as a first approximation to model the synergistic effect of silver and UV radiation as follows:
where C is silver concentration (mg/liter), H is fluence (mJ/ . Because the coefficient of dilution was determined to be less than unity, the model predicts that a proportionate change in fluence has a greater impact on inactivation than does a proportionate change in silver concentration (16) . This finding is congruent with the data presented in Fig. 2 and 3 , which illustrate that silver concentration must change by several orders of magnitude to have the same impact on MS-2 inactivation as that of fluence.
UV radiation causes dimerization of thymine in DNA and uracil in RNA, which can lead to inactivation of an organism (18, 27, 30, 35) . It has been known for some time that silver complexes with bases of DNA and RNA (2, 20) . Rahn and coworkers (29, 30) reported that the increase in thymine dimerization observed when silver and UV radiation were used together was caused by a heavy atom effect and resulted in an increase in the total inactivation of Haemophilus influenzae for a given fluence. Because silver forms complexes with proteins (5, 9, 26) and the MS-2 capsid contains proteins, the ability of silver to penetrate the capsid and bind with MS-2 RNA is not yet known. However, the mechanism described for inactivation of H. influenzae with silver and UV irradiation (30) might be extensible to MS-2 as well.
This work demonstrates for the first time that a synergistic effect occurs with silver and UV radiation for an RNA virus. Because it has also been reported for a DNA virus (29, 30) , it is expected that the synergistic effect between silver and UV radiation might also exist for the inactivation of pathogenic viruses such as poliovirus, noroviruses, and the enteric adenovirus types 40 and 41.
Unlike with silver by itself (9, 11, 41) , substantial incubation times were not required to achieve the synergistic effect between silver and UV radiation. In fact, a silver incubation time of 5 min provided almost the same (P Ͻ 0.1534) inactivation as did an incubation time of 120 min for a silver concentration of 0.05 mg/liter and a fluence of ca. 40 mJ/cm 2 . (There was a modest additional inactivation for 120 min resulting from silver contact with MS-2 prior to exposure to UV radiation as described above.) This finding suggests that a large clearwell with a long contact time would not be required to obtain the synergistic effect of silver and UV radiation.
The results reported in this work were obtained in a phosphate-buffered solution, which is typically termed a demandfree system for inactivation of viruses with UV radiation (38) . Turbidity, particle counts, and UV absorbance were reported to have a minor influence on UV disinfection of MS-2 (23). Moreover, Butkus et al. (9) reported that hardness, chloride concentration, and turbidity had a minor influence on the inactivation of E. coli by silver. Preliminary data (not shown) indicate that the synergistic effect was not influenced by chloride at concentrations as high as 20 mg of Cl Ϫ /liter. The influence of chloride and other common water and wastewater constituents at the point of UV disinfection, e.g., postfiltration, on the synergistic effect between silver and UV radiation for MS-2 and other pathogens warrants further investigation.
